Using a thin-film composition spread technique, we have mapped the phase diagram of the Ni-Mn-Al ternary system in search of ferromagnetic shape-memory alloys (FMSA). A characterization technique that allows detection of martensitic transitions by visual inspection using micromachined cantilever arrays was combined with quantitative magnetization mapping using scanning superconducting quantum interference device (SQUID) microscopy. A large compositional region in the Al deficient part of the phase diagram was found to be ferromagnetic and reversibly martensitic at room temperature. In addition, in the Al rich region, a new compositional range that displays marked ferromagnetism was found.
Introduction
Ferromagnetic shape-memory alloys (FMSAs) are an important class of materials that can be used for applications in magnetomechanical devices and sensors. 1) Research in this field has been largely focused on Fe-Pd and Ni 2 MnGa due to the large strains induced in these systems by an external magnetic field. [2] [3] [4] Other alloy systems such as Co 2 NiGa and Co 2 NiAl have also been found to be FMSAs. 5, 6) Previously, we have demonstrated functional mapping of the Ni-Mn-Ga ternary system and found a large previously unexplored region of the ternary phase diagram that is ferromagnetic and reversibly martensitic. 7) Partly due to the brittleness of these known materials, there is a continuing interest in finding other FMSAs. 8, 9) The Ni-Mn-Al alloy system is considered to be a good candidate because it does not contain Ga and the alloys are less brittle than Ni-Mn-Ga. 6, [9] [10] [11] 31, 32) In this work, we have mapped the physical properties of the Ni-Mn-Al ternary system with respect to ferromagnetism and martensitic transitions using the composition spread technique.
Experimental Techniques
We have developed thin-film based high-throughput fabrication and detection techniques for exploring FSMAs. 7, 27) The screening technique employs micromachined arrays of mechanical cantilever libraries to detect structural transformation in thin-film composition spreads, combined with room-temperature quantitative remnant magnetization mapping using a scanning SQUID microscope. In addition, a scanning x-ray microdiffractometer is used to map the structure. 7) Natural composition spreads of the Ni-Mn-Al system were deposited using an ultra high-vacuum magnetron co-sputtering system (with a base pressure in the range of 10 À7 Pa) on 76.2 mm (three-inch) diameter (100) Si wafers. Three 38.1 mm (1.5-inch) diameter guns are placed parallel and adjacent to each other in a triangular configuration. helps to minimize the cross contamination of the guns. The three targets used in the present experiment were Ni, Mn and Al, and both DC and RF sputtering were used. The typical gun power was 50$150 watts, and spread films with thicknesses in the range of 250 nm to 0.5 mm were deposited in 1$2 h. By adjusting the power applied to each gun and the distance between the guns and the substrate (typically 12 cm), different regions of the ternary phase diagram can be mapped. The composition spread wafers were deposited at room temperature followed by an in-situ annealing in vacuum at temperatures in the range of 853-970 K for 2 h. X-ray microdiffraction of the fabricated films was performed using the !-scan mode of a D8 DISCOVER (Bruker-AXS for combinatorial screening). Wavelength dispersive spectroscopy (WDS) was used to accurately map the composition spread of every wafer. For rapid characterization of magnetic properties, we used a room temperature scanning SQUID microscope, 12) which provides mapping of local magnetic field emanating from samples at room temperature. Prior to the scan, the spread wafer is magnetized in an in-plane direction. Figure 2 (a) is a magnetic field image of a Ni-Mn-Al spread wafer. This spread was annealed at 973 K for 2 h. Variation in the strength of the magnetic field, as a function of composition is evident. In this ternary system, we have consistently observed two distinct compositional regions, which showed ferromagnetism at room temperature. We have used a numerical algorithm to directly convert the field distribution information into quantitative remanent magnetization.
13) The values of remanent magnetization extracted here are consistent with those obtained by a vibrating sample magnetometer (VSM) on separate individual composition samples measured at room temperature. The result of this calculation was then combined with the composition mapping to obtain a room-temperature magnetic phase diagram ( Fig. 2(b) ).
In order to map the regions of shape memory alloys and their transition temperatures for the entire spread, we have micromachined arrays of cantilevers and deposited the composition spreads directly on the array wafers ( Fig.  3(a) ). In order to study the thermally induced actuation of the entire cantilever array simultaneously by visual inspection, we developed a method that works on the simple principle that individual cantilevers with metallic films deposited on them behave as concave mirrors. During a transition, stress-induced actuation on a cantilever results in a sudden change in the radius of the ''mirror'', and an image reflected off of the cantilevers responds very sensitively as the concavity of the mirrors change. By monitoring the change in the image as a function of temperature, composition regions undergoing a transition can be readily discerned. 7) Figure 3(a) is a photograph of a spread deposited on a cantilever array, which is reflecting an image of a series of colored lines. The measurement consists of recording the image projected on cantilever arrays as the temperature is varied. From the cantilevers displaying transitions, another phase diagram is constructed (Fig. 3(b) ) which shows the composition regions that undergo martensitic transitions, and the corresponding transition temperatures. Because of the finite size of individual cantilevers, there is compositional variation on each cantilever. A typical thermal hysteresis width of a martensitic transition observed here is about 50 K, and this is partly attributed to the compositional variation within each cantilever. WDS was performed at three positions along the length of each cantilever. Since it is difficult to distinguish the martensitic transformations of different regions on a single cantilever, for the purpose of mapping, we have labeled three compositions with one transition temperature observed for the cantilever. In Fig.  3(b) , we plot results from one composition spread wafer. This spread was annealed at 853 K for 2 h. A clear trend emerges, and the general region that undergoes martensitic transitions can be easily seen from the phase diagram. The exact martensitic transition temperatures are known to depend on many factors such as atomic ordering, microstructure and the residual stress in the film. [14] [15] [16] Reported values of the martensitic transition temperatures of Ni-Mn-Al samples in the literature also vary widely, depending on the composition and processing conditions. For this reason, we focus on the trend of the martensitic transition temperature as a function of compositional variation, rather than on the exact transition temperatures.
Discussion
There have been a number of reports on the investigation of properties of different regions of the Ni-Mn-Al ternary system over the years. Most of the work has been on bulk alloy samples. Recently, there have also been reports on NiMn-Al thin films. 2, 17) There are some discrepancies in the reported magnetic properties of Ni-Mn-Al alloys. This appears to originate from the sensitivity of the properties on thermal treatment, which varies among different studies. 18 ) Different thermal treatments naturally affect the degree of crystallization as well as the degree of disorder in samples. Figure 4 summarizes our findings in the present experiment. There are two compositional regions that display ferromagnetism in this ternary system as can be seen in Fig.  2(b) . In Region A, the composition range encompasses Ni (50-90 at%), Mn (10-40 at%), and Al (8-23 at%) and in Region B the composition range covers Ni (9-25 at%), Mn (15-50 at%), and Al (40-70 at%). In Region A, the magnitude of remnant magnetization becomes stronger as one goes towards higher Ni contents. The maximum remanent magnetization found here in Region A was in the range of $40000 A/m per meter ($40 emu/cc) for a nominal composition of Ni 76 Mn 17 A 7 .
It is well-known that order-disorder plays an important role in determining ferromagnetic and antiferromagnetic (AFM) properties of materials as has been reported in previous work. 7, 19, 28, 30) It is known that the nominal Ni 2 MnAl composition can display ferromagnetism or antiferromagnetism depending on processing conditions, and in turn on the degree of order/disorder. 17, 19, 33) We believe that this is the main reason for the discrepancy between our findings in Region A and other reports.
In principle, different phases and crystal structures exist across our spreads, thus the atomic order parameter after a specific heat treatment is different for various regions. Previously, we have found that our heat treatment results predominantly in equilibrium phases. Thus, we believe that the phases present in our spreads have a relatively high degree of ordering. We are currently investigating the details of the effect of order/disorder by fabricating spreads with Fig. 2(b) and the cantilever library in Fig. 3(b) are summarized. Ferromagnetism was observed in two regions. Martensites are observed in a compositional region similar to the region in the Ni-Mn-Ga system.
Special Issue on Materials and Devices for Intelligent/Smart Systemsdifferent cooling procedures so that different degrees of order/disorder will occur in our films. We find that the compositional trend of martensites here appears to be very similar to what we found in the Ni-Mn-Ga system. 7) This region stretches from the Heusler composition of Ni 2 MnAl to the Al-deficient region (Fig. 4) . As one moves towards the more Al-deficient region, the martensite transition temperature increases (Fig. 3(b) ). This region appears to correspond exactly with the region where the /B2 parent phase has been reported. 9, 10, 18, 20, 29, 30) An X-ray microbeam diffraction scan of the entire spread library indicates that most of the regions have diffractions consistent with the L2 1 or the B2 phase. This is in agreement with other published work. [8] [9] [10] 17, [20] [21] [22] [23] [24] Previously, Kainuma, et al. 9, 20) also mapped the martensites in this region and reported a similar trend.
The finding here seems to indicate the presence of FMSAs in the Al-deficient Ni-rich region of the phase diagram where there is an overlap of compositions displaying martensites and remanent magnetization.
In order to confirm our findings from composition spreads, a bulk sample was made with a nominal composition of Ni 52:5 Mn 30:9 Al 16:5 , which is in the ferromagnetic and martensitic region. An ingot of the Ni 52:5 Mn 30:9 Al 16:6 alloy was prepared from manganese, nickel and aluminum by using an arc-melting method in an argon atmosphere. A composition of the alloy was determined by electron microprobe. The bulk sample was annealed for 1 h at 773 K and then quenched in water. Figure 5 shows the room temperature X-ray diffraction of the bulk sample. After the anneal, the (220) peak has split into two peaks indicating that the alloy is indeed a martensite. This sample was however found to be mostly paramagnetic down to 4 K. We again attribute the difference in magnetic properties to different degrees of disorder in the bulk sample and our thin film spread. Analysis of the XRD result for the bulk sample also showed that the sample was polycrystalline and orthorhombic. An optical microscope study of a bulk sample has revealed plate like features consistent with presence of martensites.
We have found a large, previously unknown, area of the ternary phase diagram (Region B) that displays marked ferromagnetism. This region contains compositions with remnant magnetizations up to 50000 A/m (50 emu/cc). A qualitative remnant maximum of magnetization 53000 A/m (53 emu/cc) is reached at Ni 14 Mn 32 Al 54 on the spread. This was confirmed by measuring a single square sample of the thin film cut from the spread with a VSM.
Near Region B, MnAl is known to have a metastable bctphase, which displays hard ferromagnetic properties. There have been reports of synthesis of this phase in bulk as well as in thin film samples. [24] [25] [26] In sputtered films, it was found that upon substituting Ni ions into MnAl, the lattice forms a more stable cubic -phase, which has a CsCl type structure. 26) It has been reported that the magnetic properties of the -phase varies as the Ni concentration is increased.
We have discovered a much larger area which displays ferromagnetism that was previously unexplored. The qualitative trend of magnetization we observe for iso-aluminum samples in our spreads, which include the region in which the -phase was reported, is very similar to the reported trend, and there is a rather broad maximum of remnant magnetization being observed for intermediate dopings of Ni. The values of magnetization we observe in this region are of the same order as those in the previous reports. 25, 26) XRD data of our spread wafers show that in this compositional region the value of the lattice constant is higher than in any other region of the ternary phase diagram. This may explain the occurrence of ferromagnetism: it is consistent with the picture that as the distance between Mn ions is increased, exchange interaction shifts from anti-ferromagnetic to ferromagnetic. 19) 
Summary
Using composition spreads, we have found that there are regions where both ferromagnetic and shape-memory properties coexist in the ternary Ni-Mn-Al alloy system. In addition, we observed a large Al-rich region of the phase diagram that shows remanent magnetism. We attribute the discrepancies in magnetic properties between our observations and other reports on different degrees of disorder in the samples. We confirmed that the martensitic composition found in our phase diagram indeed shows XRD consistent with a martensite in a bulk sample. More detailed investigation of individual compositions selected from the regions of interest is currently underway. In addition, further work on XRD phase mapping of the crystal structure is planned. 
